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Olfactory sensory neurons (OSNs) project their axons to second-order neurons in the olfactory bulb
(OB) to form a precise glomerular map and these stereotypic connections are crucial for accurate
odorant information processing by animals. To form these connections, olfactory sensory neuron (OSN)
axons respond to axon guidance molecules that direct their growth and coalescence. We have
previously implicated the axon guidance receptor Robo-2 in the accurate coalescence of OSN axons
within the dorsal region of the OB (Cho et al., 2011). Herein, we have examined whether Robo-2 and its
ligands, the Slits, contribute to the formation of an accurate glomerular map within more ventral
regions of the OB. We have ablated expression of Robo-2 in OSNs and assessed the targeting accuracy of
axons expressing either the P2 or MOR28 olfactory receptors, which innervate two different regions of
the ventral OB. We show that P2-positive axons, which express Robo-2, coalesce into glomeruli more
ventrally and form additional glomeruli in the OB of robo-2lox/lox;OMP-Cre mice. We also demonstrate
that Robo-2-mediated targeting of P2 axons along the dorsoventral axis of the OB is controlled by Slit-1
and Slit-3 expression. Interestingly, although MOR28-positive OSNs only express low levels of Robo-2,
a reduced number of MOR28-positive glomeruli is observed in the OB of robo-2lox/lox;OMP-Cre mice.
Taken together, our results demonstrate that Slits and Robo-2 are required for the formation of an
accurate glomerular map in the ventral region of the OB.
& 2012 Elsevier Inc. All rights reserved.Introduction
Mice can smell and discriminate a vast number of odorants
with diverse chemical structures. The detection of these odorants
and subsequent processing of the stimulus play important roles in
the regulation of behaviors that are essential for survival includ-
ing avoidance of aversive odorants and food foraging. Odor
recognition takes place in the olfactory epithelium (OE) where
each olfactory sensory neuron (OSN) expresses one of around
1200 functional olfactory receptors (ORs) that can bind to
different odorant molecules (Buck and Axel, 1991; Zhang and
Firestein, 2002; Zhao et al., 1998). This olfactory information is
then relayed to the central nervous system through the olfactory
bulb (OB) where axons of OSNs make synaptic connections with
dendrites of second-order neurons located in neuropile structures
termed glomeruli. To accurately represent all odor information
coming from a large number of ORs, OSNs expressing a single
olfactory receptor (OR) project their axons to approximately twoll rights reserved.
nstitute, Centre for Neuronal
3A 2B4. Fax: þ514 398 1319.
).
.speciﬁc glomeruli out of an estimated 1800 glomeruli in each OB
(Mombaerts et al., 1996; Ressler et al., 1993; Royet et al., 1988;
Vassar et al., 1993). Hence, odor information received in the OE
can be converted into an activated glomerular map in the OB that
is further processed in higher structures of the brain (Johnson
and Leon, 2007; Matsumoto et al., 2010; Mori et al., 2006).
The formation of an accurate glomerular map is essential for the
regulation of innate responses in mice including avoidance of
aversive odorants. Mice bearing an ablation of OSNs that inner-
vate the dorsal region of the OB do not avoid aversive odorants
such as trimethyl-thiazoline (TMT) and 2-methyl butyric acid
(2MB) (Kobayakawa et al., 2007). Furthermore, disruption of the
glomerular map within the DII domain of the OB leads to reduced
avoidance responses to the predator odorant TMT (Cho et al.,
2011). Whether formation of an accurate glomerular map within
the ventral region of the OB is also required for innate responses
remains to be determined.
To provide an accurate representation of odorant stimuli, OSNs
form highly stereotyped connections with second-order neurons
within the OB. OSNs located in four spatially distinct yet over-
lapping regions of the OE extend their axons to the dorsal and
ventral regions of the OB (Iwema et al., 2004; Mombaerts et al.,
1996; Miyasaka et al., 2005; Norlin et al., 2001; Ressler et al.,
J.H. Cho et al. / Developmental Biology 371 (2012) 269–2792701993; Royet et al., 1988; Strotmann et al., 1992, 1994; Sullivan
et al., 1996; Tsuboi et al., 1999; Vassar et al., 1993). The dorsal
region can be subdivided into two domains, DI and DII, that are
innervated by OSNs expressing type I and type II ORs respectively
(Bozza et al., 2009; Kobayakawa et al., 2007). There is strong
evidence that the position of OSN cell bodies within the OE
correlates with the location of glomeruli innervated along the
dorsoventral axis of the OB (Astic and Saucier, 1986; Miyamichi
et al., 2005; Saucier and Astic, 1986). OSNs residing in the
dorsomedial part of the OE project axons to the dorsal region of
the OB while OSNs located in the ventrolateral part of the OE
extend their axons to the most ventral region of the OB. Two
families of axon guidance cues have been implicated in the
regulation of axonal targeting in the dorsal–ventral axis of the
OB. Robo-2 is necessary for the coalescence of subsets of axons
that innervate the dorsal region of the OB (Cho et al., 2007).
In contrast, Semaphorin 3F (Sema3F) and its receptor, Neuropilin-2
(Npn-2), promote the segregation of axons projecting from OSNs
located in the vento-lateral part of the OE to the most ventral
region of the OB (Takahashi et al., 2010; Takeuchi et al., 2010).
Other families of axon guidance molecules have also been
implicated in directing axonal targeting in the anteroposterior and
mediolateral aspects of the OB. Ephrin/Eph A family members
control the coalescence of OSN axons in the anteroposterior axis
through differential expression of Ephrins in OSNs regulated by
OR-derived cAMP (Col et al., 2007; Cutforth et al., 2003; Imai et al.,
2006; Kaneko-Goto et al., 2008; Serizawa et al., 2006; Zou et al.,
2007). OR-mediated signaling also regulates expression of the
Sema3A receptor, Npn-1, whose differential expression in OSN
axons promotes the segregation of populations of axons within
olfactory nerve bundles and directs anteroposterior targeting
(Imai et al., 2006). Sema3A also controls the mediolateral segregation
of OSN axons within the OB (Schwarting et al., 2000, 2004). Addi-
tional molecules, including cell adhesion molecules, growth factors,
and apoptosis regulating molecules, have also been implicated in the
formation of the glomerular map in the OB (Cao et al., 2012; Cheng
et al., 2011; Kaneko-Goto et al., 2008; Rajapakhsa et al., 2011;
Scolnick et al., 2008; Serizawa et al., 2006; Williams et al., 2011).
While clear alterations in the targeting of OSN axons that express
high levels of Robo-2 and innervate the DII region of the OB have
been reported in Robo-2 mutant mice (Cho et al. 2011), it remains to
be determined whether glomerular map formation in the ventral
region of the OB is also affected in these mice. Furthermore, whether
Slits regulate Robo-2-dependent coalescence of axons in the OB
remains unknown. We have examined the accuracy of coalescence of
OSNs expressing either the P2 or MOR28 ORs in mice lacking Slit-1
or Robo-2 expression. We show that Slit-1 and Robo-2 are required
for accurate coalescence of P2-expressing OSN axons but are mostly
dispensable for the coalescence of MOR28-expressing axons into
speciﬁc glomeruli. Furthermore, in contrast to Robo-2, Slit-1 is not
required for the glomerular coalescence of OSN axons in the DII
region of the OB and slit-1–/– mice show robust avoidance responses
to the predator odorant TMT. Our results therefore show that Slit-1-
Robo-2 signaling can direct the coalescence of subsets of OSN axons
in the ventral region of the OB and suggest that other Slit family
members may be involved in the Robo-2-dependent targeting of
OSN axons in the dorsal region of the OB.Materials and methods
Animals
Embryonic day 18 (E18) mouse embryos were obtained from
timed-pregnant females purchased from Charles River (Saint-
Constant, Quebec, Canada). The ﬂoxed robo-2 (Lu et al., 2007),slit-1 (Plump et al., 2002), slit-3 (Yuan et al., 2003), OMP-Cre mice
(Eggan et al., 2004), P2-ires-tau-lacZ (Mombaerts et al., 1996),
MOR28-ires-tau-LacZ (Barnea et al., 2004), and MOR174-9-ires-GFP
(Cho et al., 2011; Sosulski et al., 2011) have been described
previously. For all analyses performed, robo-2þ /þ; OMP-Cre and
robo-2þ /lox; OMP-Cre mice; slit-1þ /þ or slit-1þ /– were used as
controls and compared to either robo-2lox/lox; OMP-Cre mice or
slit-1–/– mice. All mice were in a mixed C57BL/6-129J background.
Fluorescent in situ hybridization
Nonradioactive, digoxigenin (DIG)-labeled or ﬂuorescein (Flu)-
labeled cRNA probes with either sense or antisense orientation
were synthesized by in vitro transcription according to the
recommendations of the manufacturer (Roche, Mannheim,
Germany). Probes were synthesized from cDNA clones encoding
robo-2 (Brose et al., 1999), MOR174-9 (Cho et al., 2011),
P2(MOR263-5) or MOR28(MOR244-1). To prepare P2 and MOR28
speciﬁc cRNA probes, DNA fragments of the coding sequences
were PCR ampliﬁed from C57BL/6 genomic DNA and subcloned
into the pBluescript vector. The primer sets used were as follows:
P2 (MOR263-5), 50-TGTCAGGGAATTTATC-30 and 50-AGCCTT-
CACCTCATTA-30; MOR28 (MOR244-1), 50-GGAAAAGGCTGTCCT-
CATCA-30 and 50-GGGTTCAGCAGAGGGGTTAT-30. Sections of OE
were processed as described previously (Ishii et al., 2004; Prince
et al., 2009).
Immunohistochemical procedures and analysis of the position
of OR-positive glomeruli in adult olfactory bulbs
Adult mice (3 months old) were anesthetized and perfused
transcardially with ice-cold PBS containing 4% paraformaldehyde.
Brains were processed as described previously and all sections
were collected on microscope slides over the complete rostrocau-
dal axis (Cho et al., 2007). Sections were immunostained with
NQO-1 (1:100; Abcam, Cambridge, MA), GFP (1:250; Invitrogen,
Carlsbad, CA or Novus, Littleton, CO), b-gal (1:250; MP biomedicals,
Solon, OH), Robo-2 (1:350; Cho et al., 2007), or OCAM (1:100; BD
sciences) antibodies and counterstained with Hoechst. The position
of GFP- or b-gal-positive glomeruli in the OB was determined using
an NIH Image J plug-in as previously described (Schaefer et al.,
2001; Cho et al., 2007). Brieﬂy, images of sections containing
GFP- or b-gal-positive glomeruli were imported into Adobe Photo-
shop software (Adobe Systems, Mountain View, CA) for mapping
of glomeruli. The radial angle of each GFP- or b-gal-positive
glomerulus was measured after setting the origin for each section.
The origin was set at one-third the distance between the mitral cell
layer in the dorsal region of the OB and the mitral cell layer in the
ventral region of the OB. A scatter plot was constructed that shows
the location of GFP- or b-gal-positive glomeruli in all OBs analyzed
in the dorsoventral axis with degrees (radial angle) on the y-axis.
The mean radial angle for each identiﬁed glomerulus was measured
and compared between control and robo-2lox/lox;OMP-Cre or slit-1–/–
mice using an unpaired t-test.
Determination of the total number of glomeruli in olfactory bulbs
Coronal sections (20 mm thick) through the whole OB of adult
mice were processed for Hoechst straining. The total number of
glomeruli, as deﬁned by an area surrounded by periglomerular
cell bodies, was counted for all sections obtained. Since the
diameter range of glomeruli in the mouse OB is 50–120 mm
(Royet et al., 1988), we considered the average diameter of a
glomerulus to be 85 mm in our analysis. Hence the total number
of glomeruli counted was divided by a factor of 4.25 (85 mm
average/20 mm per section counted).
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This test was performed as previously described (Cho et al., 2011).
Three month old adult control and slit-1–/– littermate mice were used
only once for testing. The test cage was visually divided into two
compartments (1:3) using masking tape on the outside of the cage to
discern the two areas during analysis. Mice were habituated to the
experimental environment for 30 min and then to the test cage for
10 min. After habituation, a ﬁlter paper (22 cm) scented with
water was introduced in the part of the cage containing the smaller
partition and the duration of time spent by the mouse in the larger
part of the cage measured over a 3-min test period. The ﬁlter paper
was taken out, replaced with a ﬁlter paper scented with test odorant
and the duration of time spent by the mouse in the large compart-
ment of the cage was measured. The time spent in the large
compartment with the water control was subtracted from the value
obtained with odorants to give the recorded avoidance time.
Statistical analyses were performed using unpaired t-tests. Odorant
used for the avoidance test was TMT (7.65M).Results
Expression of Robo-2 and Slits in OSNs
During development of olfactory projections, Robo-2 expression
in OSNs is graded across the OE with high levels of Robo-2 in OSNsFig. 1. Robo-2 expression in OSNs. (A–D00) Fluorescent in situ hybridization of adjacent co
speciﬁc for robo-2 (A–D, B00, C00, D00), MOR174-9 (B0 , B00), P2 (C0 , C00) and MOR28 (D0 , D00). Hi
different sections are shown in (B)–(D). Robo-2 is expressed in a gradient in the OE with h
levels of expression in the lateral region as we have previously reported (A) (Cho et al., 2
levels in MOR28-positive OSNs (B00, C00, D00). D, dorsal; V, ventral; L, lateral; M, medial.
targeting of MOR174-9, P2, and MOR28-expressing axons along the dorsoventral axis of
tau-GFP (F-G00), P2-tau-LacZ (H–I00), or MOR28-tau-GFP (J-K00) were stained with Robo
(H, I0 , I00, J, K0 , K00). High magniﬁcation views of the insets in panels F, H, and J are show
glomeruli but could not be detected on axons in MOR28-positive glomeruli. D, dorsal; Vlocated in the dorsomedial region and low levels in OSNs from
the ventrolateral region of the OE (Cho et al., 2007, Fig. 1A).
We examined whether Robo-2 is expressed in three speciﬁc popula-
tions of OSNs expressing the ORs MOR174-9, P2, or MOR28, which
innervate different regions along the dorsoventral axis of the OB
(Fig. 1E). While MOR174-9-expressing axons innervate the dorsal
region, P2 and MOR28-expressing axons project to two ventral
regions of the OB. In situ hybridization analyses demonstrated that
both MOR174-9 and P2 positive OSNs co-express higher levels of
robo-2, while MOR28-expressing OSNs express low levels of robo-2
(Fig. 1B–D). In addition, immunostaining of coronal sections of OB
from mice expressing tau-GFP or tau-lacZ under the control of the
MOR174-9, P2, or MOR28 promoters revealed that Robo-2 protein
is expressed on MOR174-9 and P2-positive axons (Fig. 1F–I).
In contrast, we could not detect Robo-2 protein on MOR28-positive
axons suggesting that the Robo-2 antibody may not be sensitive
enough to detect the low levels of Robo-2 protein predicted to
be expressed on MOR28-positive axons (Fig. 1J–K). Expression of
Robo-2 in MOR174-9-positive axons is essential for their accurate
coalescence in the dorsal region of the OB (Cho et al., 2011). The
expression of Robo-2 in P2 and MOR28-expressing OSNs suggests
that, in addition to controlling coalescence of axons in the dorsal OB,
Robo-2 may also contribute to the targeting of axons within the
ventral OB.
We have previously shown that Robo-2 ligands, the Slits, are
expressed in the developing OB and contribute to preventing
dorsally projecting axons from innervating the ventral region ofronal sections of olfactory epithelium isolated from E18 embryos with a cRNA probe
gh magniﬁcation views of regions of the OE corresponding to insets in panel A from
ighest levels of expression detected in the dorsomedial regions of the OE and lowest
007). Robo-2 is highly expressed in MOR174-9- and P2-expressing OSNs and at low
Scale bar: 250 mm; inset 100 mm. (E) Schematic representation of the glomerular
the OB. (F–K00) Coronal sections of OBs isolated from P0 pups expressingMOR174-9-
-2 (F, G, G00, H, I, I00, J, K, K00) and GFP (F, G0 , G00) or b-galactosidase antibodies
n in (G00–K00). Robo-2 is expressed on axons innervating MOR174-9 and P2-positive
, ventral; L, lateral; M, medial. Scale bar: 250 mm; inset 50 mm.
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OB along with the defects observed in the targeting of OSN axons
in slit-1–/– suggests that Robo-2-expressing axons respond to Slits
secreted within the OB (Cho et al., 2007). However, it remains
possible that expression of Slits in OSNs and in their axons could
contribute to the guidance of Robo-2-expressing axons innervat-
ing the OB.
We therefore examined the pattern of expression of Slit-1 and
Slit-2 in OSNs by taking advantage of the fact that the speciﬁc
gene-targeting strategy employed to create slit-1 and slit-2
mutant alleles results in expression of GFP under the control of
their respective promoters and in the transport of GFP along OSN
axons (Nguyen-Ba-Charvet et al., 2008). Our immunostaining
analyses revealed that GFP expression is mostly restricted toFig. 2. Slit-1 and Slit-2 are expressed in OSNs projecting axons to the ventral region of th
and slit-2þ /GFP (J–O) mice stained with either anti-GFP (A, C, D, F, G, I, J, L, M, O) anti-R
GFP-expressing axons (arrowheads) are restricted to the ventral region of the OB (A, C,
of the OB (B, C). Ventrally projecting OCAM-expressing axons (arrows) are positive for G
As observed in slit-1þ /GFP mice, GFP expressing axons (arrowheads) are restricted to the v
Highmagniﬁcation views of the ventral region of the OB are shown in (C0), (F0), (I0), (L0), an
(C0 , F0 , I0 , L0 , O0).OCAM-positive OSN axons that project to the ventral region of the
OB in slit-1þ /GFP and slit-2þ /GFPmice (Fig. 2G-I, M-O). In contrast, OSN
axons expressing the highest levels of Robo-2 and that project to the
dorsal OB, do not express signiﬁcant levels of GFP (Fig. 2A–C). The
segregated expression of Slit-1 and Slit-2 in OSNs that innervate the
ventral region of the OB raises the possibility that secretion of Slits by
OSN axons, in addition to Slits secreted by the OB, may contribute to
the targeting of these axons in the OB.
Slit-1 is not required for the coalescence of MOR174-9-expressing
axons
We have previously shown that Robo-2 expression is required
for the glomerular targeting of MOR174-9 axons in the dorsale OB. Parasagittal sections of olfactory bulbs from post-natal day P0 slit-1þ /GFP (A–I)
obo-2 (B, C), anti-OCAM (H, I, N, O), or anti-NQO-1 (E, F, K, L). In slit-1þ /GFP mice,
D, F, G, I) while Robo-2 expressing axons (arrows) target to the rostrodorsal region
FP (G–I) while dorsally projecting NQO1-expressing axons (arrows) are not (D–F).
entral region of the OB and express OCAM (arrows) in slit-2þ /GFP mice (J, L, M, N, O).
d (O0). D, dorsal; V, ventral; A, anterior; P, posterior. Scale bars: 250 mm (A-O); 60 mm
Fig. 3. Slit-1 is not required for the targeting of MOR174-9-expressing OSN axons to the dorsal OB. Coronal sections of OBs isolated from control (A, D, G, J), slit-1/;
MOR174-9-tau-GFP (B, E, H, K), and robo-2lox/lox;OMP-Cre; MOR174-9-tau-GFP (C, F, I, L) mice were stained with NQO-1 and GFP antibodies (A–L). NQO-1 antibodies stain
axons of OSNs innervating the dorsal region of the OB. On the lateral side of the OB, a GFP-positive glomerulus is consistently observed in the dorsal region of the OB (A–C)
and a second GFP-positive glomerulus is observed in approximately half of the OBs analyzed (21/38 controls and 18/24 Slit-1 /) (D–F). On the medial side of the OB, all
OBs analyzed contained at least one GFP-positive glomerulus (G–I) and the majority of OBs analyzed (26/37 for controls and 17/24 for Slit-1/) contained an additional
GFP-positive glomerulus (J–L). Sections from robo-2lox/lox;OMP-Cre; MOR174-9-tau-GFP mice (C, F, I, L) are shown as a reference to compare the location of MOR174-9-
positive glomeruli in these mice to slit-1 / mice. A detailed analysis of these projections in robo-2lox/lox;OMP-Cre; MOR174-9-tau-GFP has previously been reported
(Cho et al., 2011). The relative positions of GFP-positive glomeruli in the dorsoventral axis of the OB on the lateral and medial sides of the OB in control and slit-1/ mice
are represented on scatter plots (M, N). No signiﬁcant change was observed in the mean location of MOR174-9 expressing axons on both the lateral and medial sides of the
OB in slit-1 /mice. D, dorsal; V, ventral; L, lateral; M, medial. Scale bar: 250 mm. O. Innate olfactory avoidance test. A test cage was divided into two regions (1:3) using a
tape marker on the side of the cage. A scented ﬁlter paper was placed in the smaller partition and the duration of time spent by each animal in the larger partition
of the cage was measured over a period of 3 min. The mean avoidance times (sec 7 SEM) for TMT is shown relative to the mean avoidance time for water for control and
slit-1 / mice. n¼13 control and 15 slit-1/ mice.
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region lead to reduced avoidance behavior to the predator
odorant TMT (Cho et al., 2011). To examine whether Slit-1
contributes to the Robo-2-mediated coalescence of this popula-
tion of axons, we examined these projections in slit-1 mutant
mice. Slit-1 mice were crossed with mice expressing the marker
protein tau-GFP in OSNs expressing the OR MOR174-9. We
quantiﬁed the location of MOR174-9-positive glomeruli in the
OBs of control and slit-1–/– mice by immunostaining consecutive
coronal sections of the OB with GFP antibodies. In control and
slit-1–/–;MOR174-9-GFPmice, one or two glomeruli were detected
on both the medial and lateral sides of the OB (Fig. 3A–N).
Examination of the location of MOR174-9 glomeruli did not reveal
any signiﬁcant change between the controls and slit-1–/– mice
(Fig. 3A–N). Furthermore, in contrast to Robo-2 mutant mice,
slit-1–/– mice showed normal avoidance behavior in response to
TMT (Fig. 3O, Cho et al., 2011). These ﬁndings suggest that other
Slit ligands may contribute to the Robo-2 dependent coalescence
of MOR174-9 axons in the OB. Unfortunately, the early lethality of
slit-2 and compound slit-1;slit-2 mutants prevented us from
examining the role of Slit-2 in mediating accurate coalescence
of axons in the dorsal OB. Furthermore the reduced size of OBs
observed in adult slit-3 mutants and in the small percentage of
compound slit-1;slit-3 mutants that survive to adulthood hasFig. 4. Robo-2 controls the targeting of P2-expressing OSN axons in the OB. Coronal se
(B, D, E, G) mice were stained with Hoechst and with NQO-1 and b-galactosidase antibo
on the lateral side of the OB in all mice analyzed (A, B). In addition, a second b-galactos
the OB (20/35 controls and 17/20 robo-2lox/lox;OMP-Cre; P2-tau-lacZ) (C–E) in the ma
(arrowhead) in a subset of OB analyzed from robo-2lox/lox;OMP-Cre; P2-tau-lacZ mice
b-galactosidase-positive glomerulus and the majority of OBs analyzed (21/35 for
b-galactosidase-positive glomeruli (F, G). Additional glomeruli could also be observed i
lox;OMP-Cre; P2-tau-lacZ mice (16/20). The relative positions of b-galactosidase-positiv
represented on scatter plots (H, I). The mean location of caudolateral, medial, and ventr
Note that in panels (A)–(D), (F), and (G), sections with glomeruli located approximately
Single asterisk: Po0.02. D, dorsal; V, ventral; L, lateral; M, medial. Scale bar: 250 mm.made it difﬁcult to compare the location of speciﬁc glomeruli in
these mice with their location in wild-type mice.
Robo-2 and Slits control the coalescence of P2-expressing axons
in the ventral OB
To address whether Robo-2 directs the coalescence of axons in
the ventral region of the OB, we examined the targeting accuracy
of P2-expressing OSN axons in mice carrying a robo-2 deletion in
OSNs. A mouse containing a robo-2 ﬂoxed allele was crossed with
mice expressing the Cre recombinase under the control of the
olfactory marker protein (OMP) promoter and a marker protein
(tau-lacZ) in P2-expressing OSNs. We have previously shown that
Robo-2 expression is efﬁciently ablated in OSNs in robo-2lox/
lox;OMP-Cre (Cho et al., 2011). Furthermore, ablation of Robo-2
expression in OSNs did not affect expression of the secreted
semaphorin receptors, Npn-1 and Npn-2, which have been impli-
cated in the guidance of OSN axons (Fig. S1) (Schwarting et al.,
2004; Takahashi et al., 2010; Takeuchi et al., 2010). In control
animals, one or two P2-positive glomeruli were observed on both
the medial and lateral sides of the OB (Fig. 4A, C, F). In both
control and robo-2lox/lox; OMP-Cre mice, one subset of P2 positive
glomeruli on the lateral part of the OB appear to coalesce
accurately in the same region of the OB (Fig. 4A–D, H). In contrast,ctions of OBs isolated from control (A, C, F) and robo-2lox/lox;OMP-Cre; P2-tau-lacZ
dies (A–G). A b-galactosidase positive glomerulus (arrows) is consistently observed
idase positive glomerulus is observed more caudally on the lateral side (arrows) of
jority of mice analyzed. Additional glomeruli are also observed more ventrally
(8/20). On the medial side of the OB, all OBs analyzed contained at least one
controls and 18/20 for robo-2lox/lox;OMP-Cre; P2-tau-lacZ mice) contained two
n the ventrolateral region of the OB in the majority of OB analyzed from robo-2lox/
e glomeruli in the dorsoventral axis of the OB on the lateral and medial sides are
omedial P2 glomeruli is shifted ventrally in robo-2lox/lox;OMP-Cre; P2-tau-lacZ mice.
at the mean angle are shown. Triple asterisk: Po0.001. Double asterisk: Po0.01.
Table 1
Number of P2 and MOR28 glomeruli in control, robo-2lox/lox;OMP-Cre, and slit-1–/– mice. Values are presented as mean 7 SEM; data were analyzed for statistical
signiﬁcance using unpaired t-tests. P values are shown for statistically signiﬁcant differences in a comparison to control mice.
Glomerulus Control robo2lox/lox; OMP-Cre slit-1–/–
# of glomeruli n (# of OB) P # of glomeruli n (# of OB) P # of glomeruli n (# of OB) P
Total # of glomeruli/OB 1725727.25 16 1672727.94 14 1714765.28 14
P2-positive/Lateral 1.7170.127 35 2.3570.196 20 Po0.01 1.9670.165 24
P2-positive/Medial 1.7670.125 37 3.1570.233 20 Po0.0001 1.8970.115 26
Sp1-positive/Lateral 1.7270.109 29 1.6770.114 18 1.5570.127 22
Sp1-positive/Medial 1.9270.123 26 1.3770.114 19 Po0.01 1.7970.120 24
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ventrally in the OB of control animals showed a signiﬁcant shift
towards the ventral region in robo-2lox/lox; OMP-Cre mice (Fig. 4C,
D, E, H). Additionally, P2-positive glomeruli located on the medial
part of the OB show an overall ventral shift in their location in
robo-2lox/lox; OMP-Cre mice when compared to controls (Fig. 4F, G,
I). Interestingly, we observed a signiﬁcant increase in the total
number of P2-positive glomeruli present on each side of the OB in
robo-2lox/lox; OMP-Cre mice (Table 1).
To determine whether Slits direct the Robo-2-dependent
coalescence of P2-expressing axons, we examined the location
of P2 glomeruli in slit-1/ mice. As observed in robo-2lox/lox;
OMP-Cre mice, the location of P2-positive glomeruli in the
dorsolateral region of the OB is unchanged in slit-1/ mice
(Fig. 5A, B, E), while the location of P2-positive glomeruli in the
ventrolateral region of the OB is shifted ventrally (Fig. 5C, D, E).
The examination of the location of P2 glomeruli on the medial
side of the OB also revealed an overall ventral shift in slit-1/
mice (Fig. 5F–J). However, in contrast to robo-2lox/lox; OMP-Cre
mice, we did not observe an increase in the number of P2-positive
glomeruli in the OBs of slit-1/ suggesting that additional Slit
family members may also contribute to the coalescence of this
population of axons (Table 1). To examine this possibility, we
assessed whether ablation of Slit-3 expression, in addition to
Slit-1, may lead to an increase in the number of P2 glomeruli
formed in the OB. While the perinatality of the majority of
compound slit-1; slit-3 mice made it difﬁcult to assess the
dorsal–ventral location of glomeruli in the OB of these mice, it
was possible to quantify the number of P2-positive glomeruli in
newborn pups. While slit-1/ and slit-3/ mice have similar
numbers of P2 glomeruli as control mice, slit-1/; slit-3/ mice
showed an increased number of P2 glomeruli as observed in
robo-2lox/lox; OMP-Cre mice (Table 2). Hence, Robo-2 is necessary
for the accurate coalescence of subsets of P2-expressing axons
along the dorsoventral axis of the OB, and both Slit-1 and Slit-3
contribute to the guidance of P2-positive axons in the OB.
Robo-2 contributes to the coalescence of MOR-28 positive axons
in the OB
Although Robo-2 is only expressed at very low levels in OSNs that
innervate the most ventral region of the OB, such as MOR28-positive
OSNs, it remains possible that Robo-2 could control the coalescence
of these populations of axons. We therefore examined the targeting
accuracy of MOR28-expressing axons in robo-2lox/lox; OMP-Cre mice.
We assessed the location of MOR28-positive glomeruli in controls,
robo-2lox/lox; OMP-Cre, and slit-1–/– mice that were crossed with
MOR28-tau-lacZ mice by immunostaining consecutive coronal
sections of OBs with b-gal antibodies. One or two MOR28-positive
glomeruli were observed on each side of the OB in most mice
analyzed. While the overall location of MOR28-positive glomeruli
was not signiﬁcantly affected in robo-2lox/lox; OMP-Cre mice (Fig. 6),a small but statistically signiﬁcant dorsal shift in the location of an
MOR28-positive glomerulus was observed on the medial side of the
OB in slit-1–/– mice (Fig. 7H–J). Although the location of MOR28-
positive glomeruli was unaffected in robo-2lox/lox; OMP-Cre mice, we
observed a signiﬁcant decrease in the number of MOR28 glomeruli
on the medial side of the OB in these mice (Table 1). In contrast, the
overall number of glomeruli in the OBs of robo-2lox/lox; OMPCre/þ mice
is not signiﬁcantly changed when compared to control mice
(Table 1). These observations would suggest that Robo-2 contributes
to the formation of MOR28-positive glomeruli. Alternatively, the
formation of ectopic glomeruli, such as the P2 glomeruli observed in
the ventral region of the OB in robo-2lox/lox; OMPCre/þ mice, may
contribute to the elimination of other subsets of glomeruli in the
most ventral region of the OB. Taken together, our results demon-
strate that both Robo-2 and its ligands, Slit-1 and Slit-3, contribute to
the accurate innervation of glomeruli in the ventral region of the OB.Discussion
The detection and processing of odor information requires the
formation of stereotypic connections between OSNs in the per-
iphery and second-order neurons located in the OB. A spatial
correlation exists between the location of OSNs within the OE and
their target glomeruli within the OB such that OSNs located in the
dorso-medial aspect of the OE project dorsally to the OB while
OSNs present in the ventro-lateral region of the OE send their
axons to more ventral targets in the OB (Astic and Saucier, 1986;
Miyamichi et al., 2005; Saucier and Astic, 1986). The axon
guidance receptor Robo-2 is essential for the formation of an
accurate glomerular map in the dorsal region of the OB and this
map is crucial for proper processing of aversive odorant informa-
tion in mice (Cho et al., 2011). The present study examined the
role of Robo-2 and of two of its ligands, Slit-1 and Slit-3, in the
formation of the glomerular map in the ventral region of the OB.
We demonstrate that Robo-2 is expressed on OSN axons that
innervate the ventral OB. Robo-2 expression is essential for
accurate coalescence of OSN axons expressing the P2 OR along
the dorsoventral axis of the OB and to prevent the formation of
ectopic glomeruli. In addition, robo-2 ablation leads to a decrease
in the number of MOR28-positive glomeruli in the OB.
Slit-1 and Robo-2 regulate the formation of the glomerular map
in the ventral region of the OB
OSNs expressing a speciﬁc OR are scattered within four
spatially distinct but partially overlapping zones of the OE where
OR expression domains form a continuous gradient in the OE
(Miyamichi et al., 2005; Mombaerts et al., 1996; Ressler et al.,
1993; Strotmann et al., 1992, 1994; Sullivan et al., 1996; Tsuboi
et al., 1999; Vassar et al., 1993). Consistent with this notion, we
have previously shown that Robo-2 is expressed in a gradient
Table 2
Number of P2 glomeruli in post-natal day P0 control, robo-2lox/lox;OMP-Cre, and slit
mice. Values are presented as mean 7 SEM; data were analyzed for statistical
signiﬁcance using one-way ANOVA followed by a Turkey Kramer Multiple
Comparison Test for post hoc. P values are shown for statistically signiﬁcant
differences in a comparison to control mice.
Genotype P2-positive glomeruli per OB
# of glomeruli n (# of OB) P
J.H. Cho et al. / Developmental Biology 371 (2012) 269–279276across the OE where Robo-2 is highly expressed in the dorso-
medial region and lower levels are observed in more ventral
regions of the OE (Cho et al., 2007). Moreover, Robo-2 is required
for the accurate targeting of MOR174-9-expressing OSN axons
within the dorsal region of the OB (Cho et al., 2011). We have
examined whether Robo-2 also controls the coalescence of
OSN axons in more ventral regions of the OB. Our analyses
revealed a ventral shift in the targeting of P2-expressing axons
and the formation of additional P2-positive glomeruli upon robo-2Control 2.5570.15 20
robo-2; OMP-Cre 3.7070.47 10 Po0.05
slit-1–/– 2.2570.16 10
slit3–/– 2.3870.52 8
slit-1–/–; slit-3–/– 3.6070.31 10 Po0.05deletion (Fig. 3). In contrast, the location of MOR28-positive
glomeruli was unaffected in robo-2lox/lox; OMP-Cre mice, but we
observed a decrease in the number of these glomeruli. The
decrease in the number of MOR28 glomeruli in robo-2lox/lox;
OMP-Cre mice suggests that the formation of ectopic glomeruli
in the ventral region by other populations of axons, such as the
P2-expressing axons, may ﬁll the space available for glomerulus
formation, which could prevent later arriving axons from forming
the appropriate number of glomeruli.
We have examined the contribution of some members of the
Slit family to Robo-2-mediated targeting of axons in the OB.
While Slit-1 is not required for the targeting of MOR174-9-
expressing axons, it is necessary for the accurate coalescence of
P2-expressing axons in the dorsoventral axis of the OB. Interest-
ingly, both Slit-1 and Slit-3 contribute to prevent the formation of
ectopic P2 glomeruli in the most ventral region of the OB. These
results suggest that other Slit family members may contribute to
the formation of the glomerular map in the dorsal region of the
OB. Unfortunately, the quantitative analysis of glomerular loca-
tion in the OB must be performed in adult mice, which has made
examination of compound slit mutant impossible as all slit-2–/–
and the majority of slit-1–/–; slit-3–/– mice die at birth. It is
nonetheless interesting to note that an increased number of
MOR256-17-positive glomeruli has been reported in slit-1–/–;
slit-2–/– embryos as well as in slit-1–/–;slit-2þ /– adult mice,
suggesting that Slit-2 can also regulate the targeting of OSN
axons (Nguyen-Ba-Charvet et al., 2008). Alternatively, Robo-2
may control coalescence of some populations of axons in a Slit-
independent manner by regulating axonal fasciculation as pre-
viously shown in the visual system (Plachez et al., 2008). An
analysis of axonal projections in compound slit conditional
mutant mice will be necessary to fully address their roles in
glomerular map formation.Fig. 5. Slit-1 is required for the targeting of P2-expressing OSN axons in the OB.
Coronal sections of OBs isolated from control (A, C, F, H) and slit-1/; P2-tau-lacZ
(B, D, G, I) mice stained with Hoechst and with NQO-1 and b-galactosidase antibodies
(A–D, F–I). A b-galactosidase positive glomerulus is consistently observed in the
lateral part of the OB in all mice analyzed (A, B). In addition, a second b-galactosidase
positive glomerulus is observed more caudally on the lateral part of the OB in most
OBs analyzed (21/38 controls and 17/24 slit-1 /) (C, D). Additional glomeruli were
also observed in the ventral part of the OB in a few OBs from control and slit-1/
mice (4/38 controls and 5/24 slit-1 /) (data not shown). On the medial side of the
OB, all OBs analyzed contained at least one b-galactosidase positive glomerulus
and the majority of OBs contained two b-galactosidase positive glomeruli (21/38
for controls and 21/26 for slit-1 / mice). In addition, a third glomerulus was
observed in some OBs analyzed (4/38 controls and 3/24 slit-1/) (data not shown).
The relative positions of b-galactosidase-positive glomeruli along the dorsoventral
axis of the OB on the lateral and medial sides are represented on scatter
plots (E, J). The mean location of the caudolateral and medial P2 glomeruli is shifted
ventrally in slit-1/ mice. Note that in panels (A)–(D) and (F)–(I) sections with
glomeruli located approximately at the mean angle are shown. Triple asterisk:
Po0.001. Double asterisk: Po0.01. D, dorsal; V, ventral; L, lateral; M, medial. Scale
bar: 250 mm.
Fig. 6. The position of MOR28 glomeruli is unchanged in robo-2lox/lox;OMP-Cremice.
Coronal sections of OBs isolated from control (A, C, F) and robo-2lox/lox;OMP-Cre;
MOR28-tau-lacZ (B, D, G, H) mice stained with Hoechst and a b-galactosidase
antibody (A–D, F–H). A b-galactosidase positive glomerulus is consistently observed
in the lateral region of the OB in all mice analyzed (A, B). In addition, a second
b-galactosidase positive glomerulus is observed more caudally on the lateral side of
the OB in the majority of mice analyzed (19/29 controls and 13/19 robo-2lox/lox;
OMP-Cre) (C, D). All OBs analyzed contained at least one b-galactosidase positive
glomerulus (G) and the majority of OBs analyzed from control mice (20/26)
contained two b-galactosidase positive glomeruli on the medial side (F). In contrast
a signiﬁcant number of robo-2lox/lox;OMP-Cre; MOR28-tau-lacZ mice are missing
the MOR28 glomerulus located more dorsally on the medial side shown by
an arrowhead in panels (F) and (G) (11/20; see Table 1). The relative positions of
b-galactosidase positive glomeruli on the lateral and medial sides of the OB are
represented on scatter plots (E, I). No signiﬁcant change was observed in the mean
location of MOR28 glomeruli on both the lateral and medial sides of the OB in robo-
2lox/lox; OMP-Cre; MOR28-tau-lacZ mice. Note that in panels (A)–(D) and (F)–(H)
sections with glomeruli located approximately at the mean angle are shown. D,
dorsal; V, ventral; L, lateral; M, medial. Scale bar: 250 mm.
Fig. 7. Slit-1 regulates the coalescence of a subset of MOR28-expressing axons in the
OB. Coronal sections of OBs isolated from control (A, C, F, H) and slit-1/;MOR28-tau-
lacZ (B, D, G, I) mice stained with Hoechst and a b-galactosidase antibody (A–D, F–I).
A b-galactosidase positive glomerulus is consistently observed on the lateral side of the
OB in all mice analyzed (A, B). In addition, a second b-galactosidase-positive glomerulus
is observed more caudally in the lateral region of the OB (19/29 controls and 11/22 slit-
1/) (C, D). On the medial side of the OB, all OBs analyzed contained at least one b-
galactosidase positive glomerulus (H, I) and the majority of OBs analyzed (20/26 for
controls and 17/24 for slit-1/ mice) contained a second b-galactosidase positive
glomerulus (F, G). The relative positions of b-galactosidase positive glomeruli along the
dorsoventral axis of the OB on the lateral and medial sides are represented on scatter
plots (E, J). While the location of the majority of MOR28 glomeruli appear unaffected in
slit-1 / mice, the mean location of the MOR28 glomerulus located in the ventromedial
region of the OB is shifted dorsally in these mice. Note that in panels (A)–(D) and (F)–(I)
sections with glomeruli located approximately at the mean angle are shown. Double
asterisk: Po0.01. D, dorsal; V, ventral; L, lateral; M, medial. Scale bar: 250 mm.
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Robo-mediated repulsion. We observed a small but signiﬁcant
dorsal shift in the location of a speciﬁc MOR28 glomerulus in slit-
1–/– mice that is not observed in robo-2lox/lox; OMP-Cre. Since
Robo-1 and -3 are not expressed in OSNs, this defect is unlikely to
result from a change in Slit-mediated axonal repulsion (Cho et al.,
2007; Nguyen-Ba-Charvet et al., 2008). It is possible that ablation
of Slit expression results in defects in the development of the OB
that indirectly affects the guidance of MOR28 OSN axons in the
OB. Indeed, Slit-1 inﬂuences the migration of precursor cells in
the rostral migratory stream to the OB, although we could not
observe morphological changes in the OB of slit-1–/– mice (data
not shown) (Nguyen-Ba-Charvet et al., 2004). Slit-1 could also
control the guidance of this population of axons through an as yet
unidentiﬁed receptor. A recent report has proposed that addi-
tional Slit receptors may also be involved in axonal repulsion in
the spinal cord (Jaworski et al., 2010). Alternatively, Slit may
regulate expression of additional guidance molecules that can
control the dorsoventral targeting of axons within the OB.
Our observations that Slits are expressed both in the OB (Cho
et al. 2011) and in OSNs (Fig. 2) suggest that the effects of Slits on
OSN axon guidance could be either target- or axon-derived.
Axonally derived cues in OSNs, such as Sema3F, have been
implicated in the regulation of dorsal–ventral targeting of axons
in the OB (Takeuchi et al., 2010). Furthermore, the expression of
Slits in motor neurons can regulate the fasciculation of their
axons in an autocrine manner (Jaworski and Tessiel-Lavigne,
2012). Hence, future ablation of Slits in speciﬁc populations of
neurons in the OE and OB will be necessary to characterize the
source of Slits in the control of OSN axon guidance.
Olfactory glomerular maps and the control of avoidance
of aversive odorants
The detection of aversive odorants and the innate avoidance
behavior they trigger in mice is crucial for their survival. The
relative contribution of odor information processing in the dorsal
and ventral regions of the OB for avoidance behavior remains to
be fully characterized. For example, TMT, a component of fox
feces, can activate glomeruli present in both the dorsal and
ventral regions of the OB (Kobayakawa et al., 2007). We have
previously shown that changes in the glomerular map within the
dorsal region of the OB in robo-2lox/lox; OMP-Cre mice are asso-
ciated with reduced avoidance of TMT by these mice (Cho et al.,
2011). Our observation that subsets of ventrally-projecting axons,
such as P2, are mistargeted in robo-2lox/lox; OMP-Cre mice raises
the possibility that defects in the formation of the ventral
glomerular map may also contribute to the reduced avoidance
observed in these mice. However, while slit-1–/– mice have a
disrupted glomerular map in the ventral OB, they display robust
avoidance behavior in response to TMT suggesting that the
formation of an accurate glomerular map in the ventral OB may
not be essential for responses to aversive odorants. Nonetheless,
we cannot exclude the possibility that the location of TMT-
activated glomeruli in the ventral OB may be unaffected in slit-
1–/– mice. We also need to consider the possibility that more
severe changes in the ventral map than the ones observed in slit-
1–/– mice could lead to defects in the response to aversive
odorants. Interestingly, slit-1–/– mice do not display the changes
observed in the dorsal glomerular map of robo-2lox/lox; OMP-Cre
further supporting an important role for this map in regulating
avoidance behavior to aversive odorants.
Taken together, our results demonstrate that glomerular map
formation in the ventral region of the OB is dependent on Robo-2,
and that at least two Slit family ligands, Slit-1 and Slit-3,
contribute to the targeting of OSN axons in the OB.Acknowledgments
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